Falling head method (FHM) and constant head method (CHM) are, respectively, used to test the water permeability of permeable concrete, using different water heads on the testing samples. The results indicate the apparent permeability of pervious concrete decreasing with the applied water head. The results also demonstrate the permeability measured from the FHM is lower than that from the CHM. The fundamental difference between the CHM and FHM is examined from the theory of fluid flowing through porous media. The testing results suggest that the water permeability of permeable concrete should be reported with the applied pressure and the associated testing method.
Introduction
Pervious concrete is made by eliminating most or all fine aggregates from the concrete mix. Its internal interconnected void space allows storm water to percolate and thus to reduce the amount of run-off. The permeability or the saturated hydraulic conductivity of the pervious concrete signifies its capacity to drain the ponding water from the concrete surface. It quantifies the resistance of the medium to flow and depends only on the characteristics of the porous medium. It is not measured directly but is calculated by measuring its internal states like flux and pressure.
There are several established methods to measure the saturated hydraulic conductivity of porous materials on the basis of Darcy's law. During the measurement, a pervious concrete sample is subjected to a water pressure that is lower sufficiently to support a laminar flow [1] [2] [3] [4] [5] . The associated flowing rate is measured to estimate the permeability. The applied pressure during the measurement can be maintained to be constant, referred to as CHM, or be allowed decaying, called FHM [6] . The CHM measures the permeability of pervious concrete by applying a constant water head on the surface of the sample and by weighting the water volume flowing through the sample at a designed time interval [7, 8] . The FHM allows the water head above the sample surface dropping from a starting level to a designed level and then records the time interval during this dropping process [9, 10] . As the permeability is not measured directly but is calculated by inverting the applied pressure and its associated water flux, the permeability measured from different scales and distinctive experimental setups is likely to render inconsistent values. It thus merits examining whether the pervious concrete's permeabilities measured from the CHM and the FHM agreed with each other and whether the permeability varies with the applied pressure.
This paper experimentally measures the permeability of pervious concrete under the CHM and the FHM, respectively. Two Portland concrete mixtures are prepared and cored for the water permeability test. The permeability is measured under different water heads to see if the permeability is a function of the applied pressure. The permeability measured from the two methods is compared and it is found that the permeability measured from the FHM tends to be higher than that of the CHM. The fundamental theoretical difference between the two methods is reassessed. Type I Portland cement is selected for the experiments. The aggregates used are crushed limestone with a single gradation from 0.5 cm to 1.0 cm. It has an absorptivity of 0.55%, an observed density of 2725.7 kg/m 3 , and a bulk density of 1348.3 kg/m 3 . By weight, a cement/aggregate ratio of 1 : 4 is used. One mix has a water-to-cement ratio 0.23 and the other 0.25. Due to its low water content, 2% of water-reducing agent with respect to the cement's weight is added to aid the workability of the mixture. rotating-drum mixer. The aggregate is firstly cast in the mixer, and then the estimated absorbed water is spilled on the aggregate for 1 min mixture to ensure that the aggregate surface is wet. The cement is afterwards cast to the mixer for another 1 min mixture with the wet aggregate. Finally, the amount of the water needed for the desired water-to-cement ratio is added to the mixer for another 2 min mixture. The concrete mixtures are cast in slender wood moulds with a dimension of 150 × 150 × 860 mm 3 . All mixtures are placed by lightly rodding 10 times in the three layers to ensure a uniform compaction in each lift. Mixtures in the mould are leveled by spatulas without any vibration compaction. They are moved to an air-conditioned, foggy room with 20 ∘ C and with more than 95% relative humidity for 3-day curing. After that, they are demolded and the pervious concrete blocks are restored in the air-conditioned room for another 25-day curing. Each cured block is drilled for six cores with a diameter of Φ 100 × 100 mm (Figure 1) .
The drilled cores are vacuum-washed to eliminate the drilling-left debris and then are submitted to the basic property's tests such as density and porosity. The porosity of pervious concrete is determined by
where the 1 (kg) is the sample weight under water; 2 (kg) is the oven-dry sample weight; (kg/m 3 ) is the density of water at room temperature; and (m 3 ) is the volume of the sample. The sample is oven-dried at 105 ∘ C for 1.5 hours and subsequently left to cool at room temperature for measuring the oven-dry weight 2 . The sample's weight 1 is measured by submerging and stirring the sample under water for 24 hours to ensure the embedded air bubbles being completely evacuated from the sample. To obtain the volume of the cored sample, a Vernier caliper is used to measure the length and diameter of each sample three times. The average is taken as the dimension of the sample.
Water Permeability Measurements

Falling Head Method (FHM).
Permeability of pervious concrete can be tested by a falling head apparatus. The apparatus is schematized as in Figure 2 (a). Different apparatus outlines may be used but the mechanism of this pressuredecay method is the same. A faucet supplies sufficient water in the inlet and allows water flow through the sample and finally drains from the outlet. The water head in the inlet is allowed to lift to any desired level and then maintained a steady flow through the pipes. When the test commences, the water-supplied faucet is closed to free the water head in the inlet dropping progressively to level the water head at the outlet. The time interval Δ (s) during which the water head falls from ℎ 0 (m) to ℎ 1 (m) is recorded and the apparent permeability fal (m 2 ) of the sample can be computed by [11] 
where (Pa⋅s) is the viscosity of water; (m) is the length of the sample; (m 2 ) is the cross-sectional area of the sample; (m 2 ) is the cross-sectional area of the water in the falling head pipe.
In this study, the permeability of the sample is determined by the FHM's apparatus like Figure 2 (b). The samples are submerged at a stirring water container for 24 hours to ensure that the inner pores are wet sufficiently. The sample is then assembled in the apparatus (Figure 2(b) ). Catalyst silicone rubber is used around the perimeter of the sample to prevent water seeping through the side wall of the sample. The test is terminated if any water percolates along the side wall or leaks from the pipe.
The test is not begun until the air bubbles have been sufficiently evacuated. The evacuation is conducted by allowing flow through the test channel but repeatedly agitating the water head at the outlet. To the purpose, a big rod with a diameter just less than the inner diameter of the outlet pipe is inserted into the outlet to drain the water and then is pulled out suddenly to drop the water head at the outlet. The process is repeated until no visible air bubbles evacuate from the top surface of the sample. The test then begins and the starting water head differences are set as 30, 40, and 50 cm. Two gauge glasses are jointed to the water inlet and outlet to aid the reading of the water head difference across the sample Figure 2(b) .
The water head flowing through the previous concrete sample does not occur in a quasi-steady state. Recording the water head and its associated time by manual labor may introduce considerable experimental errors. In this study, the falling head process is recorded as a video, which is then converted to JPG images in frames. For each specimen, videos recording the water head-falling processes are recorded three times. Any two desired heads, for example, 20 cm and 2 cm, can be picked up from the frames; the time spacing between two frames is the associated time interval.
Constant Head Method.
The CHM adopts the same sample-preparing protocols as the FHM does. The CHM to determine the permeability of pervious concrete is assembled as in Figure 2 (c). A pipe is installed in the inlet to drain the additional water supplies from the faucet and to support a steady water head above the sample. The water head difference can be adapted as any desired level by adjusting the pipe to the designed elevation. The water drained from the outlet is collected by a container. Supposing that a volume of drained water (m 3 ) is collected during the time interval Δ , the permeability of the sample can be computed by con = ℎ Δ .
Equations (2) and (3) compute the apparent permeability in a unit of m 2 , while road engineers may be more interested in the water-flowing rate through the pervious concrete, (m/s). The correlation of these two parameters is
where can be either con or fal . Figure 3 plots the permeability versus the applied water pressure on the sample. The water permeability of the pervious concrete cores ranges from 0.05 to 4 cm/s, representing the expected water permeability of permeable concrete. For the CHM, the permeability is measured under different water heads on the sample. For each recording video taken during the FHM, the permeability is computed by estimating the water heads dropping from 20 cm, 16 cm, 12 cm, 8 cm, and 5 cm to 2 cm heads, respectively. For an individual water falling process (e.g., 20 to 2 cm), the water permeability estimated from different recording videos is well agreed upon, validating the consistency during the measurement. The permeability measured from the FHM is somewhat greater than that from the CHM (Figure 3) . The difference ranges from 0 to 0.005 cm/s, depending on the sample and on the selection of the starting head and finishing head. The difference increases as the pressure increases. If the permeability measured from the FHM is estimated at a lower pressure (e.g., from 5 to 2 cm), it becomes better close to the permeability measured from the CHM (Figure 3 ).
Experimental Results and Discussion
Measured Permeability.
Measured Permeability and Applied Pressure.
The nonlinear correlation between the applied pressure and apparent permeability infers that the water permeability of pervious concrete does not obey the Klinkenberg effect. To verify this inference, we examine if the experimental data set follows the Klinkenberg effect. According to the Klinkenberg effect, the permeability of porous media increases linearly with the reciprocal mean pressure but is independent of pressure difference [12] :
where (Pa) is the Klinkenberg coefficient; V (m/s) is the material's intrinsic permeability that can be measured when the applied pressure approaches infinity; is the mean pressure. In the water permeability test, it is
where 0 is the atmospheric pressure, 1.03 × 10 5 Pa. Substituting (6) into (5) and noting that ℎ/2 ≪ 0 , one can get
) . According to (7), the apparent permeability should correlate linearly with the applied pressure. This linear correlation is not observed in the measured permeability (Figure 3) , confirming that the permeability of pervious concrete fails to obey the Klinkenberg effect. Here, we replace the applied mean pressure with the differential pressure in (5) as showed:
The apparent permeability will correlate linearly with the reciprocal applied pressure difference if (8) holds. Figure 4 plots the apparent permeability and the different reciprocal pressure. Table 1 tabulates the statistic coefficients ( V , ) and lists the porosity and density for comparison. The permeability of pervious concrete obeys (8), as vindicated in Figure 4 and 2 in Table 1 . The intrinsic permeability V is the permeability when the pressure difference approaches infinity. Considering that an infinite pressure difference is equal to an infinite mean pressure ( 1 + 2 → ∞ is equal to 1 − 2 → ∞), the permeability V in (5) has the same meaning and magnitude as the permeability V in (8); both are the intrinsic permeability.
The intrinsic permeability is observed increasing with the permeability; a trend has been observed in previous reports [13, 14] . The coefficient is found to be decreasing with the increase of the density and porosity, suggesting less dependence of the apparent permeability at high porous concrete.
Difference between Constant Head and Falling Head Methods.
As the apparent permeability estimated from the CHM and the FHM exhibits differences, it merits examining the mechanism behind. From both methods, the water flowing rate through the sample V (m/s) is computed according to Darcy's law:
where ∇ is the pressure gradient across the sample (Pa/m). According to the Bernoulli equation, the water gradient applied across the sample is proportional to the water head difference ℎ; that is,
For the CHM, the flowing rate through the sample can be estimated from the water collected by the container and is computed by
Substituting (10)- (11) into (9), one has (3). It means the CHM estimates the permeability of pervious concrete by assuming a laminar flow. For the FHM, the water flow through the sample obeys the mass conservation law and follows
Substituting (10) and (12) into (9), one has
If the permeability is independent of the applied pressure (ℎ), (13) can be integrated directly and the integral is the same as (2) . This means that, in addition to the assumption of a laminar flow, the FHM also assumes that the apparent permeability is independent of the applied pressure. In (2), any two water heads at any associated interval can be selected to estimate the permeability of previous concrete under the FHM test. This selection would not influence the measured permeability if the permeability is constant.
However, the selection does influence the estimated water permeability, as substantiated in Figures 3 and 4 . The water permeability of permeable concrete tends to decrease with the increase of the pressure. The correlation obeys (8) . Substituting (8) into (13) , one can integrate (13) and solve for the permeability, as expressed in
Equation (14) is equal to (1) only if vanishes. In the case of = 0, the slope of the linear line in Figure 4 is zero or the apparent permeability is independent of the imposed pressure difference. As natural logarithm is a monotonically increasing function, neglecting the term of / overestimates the right-hand side of (14) and thus overestimates the water permeability. That is why the estimated permeability from the FHM tends to be higher than that from the CHM (Figure 3) . Therefore, the FHM presumes the apparent permeability is independent of the applied pressure difference but the CHM does not. This assumption introduces difference to the permeability measured from the two methods.
Conclusions
Falling head and constant head methods are, respectively, used to measure the permeability of pervious concrete samples. The measured permeability is found to be decreasing with the applied pressure difference on the sample but does not obey the Klinkenberg effect. The permeability is found to be increasing linearly with the reciprocal water pressure, similar to the Klinkenberg effect.
The permeability measured by the CHM is lower than that by the FHM. The selection of the starting and finishing water heads from the FHM strongly affects the calculated permeability. The difference decreases as the water head approaches zero. Due to this correlation, the water permeability of permeable concrete should be reported with the applied pressure and the associated testing method.
